Background: Circulating concentrations of B vitamins and factors related to one-carbon metabolism have been found to be strongly inversely associated with lung cancer risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) study. The extent to which these associations are present in other study populations is unknown. Methods: Within 20 prospective cohorts from the National Cancer Institute Cohort Consortium, a nested case-control study was designed including 5364 incident lung cancer case patients and 5364 control subjects who were individually matched to case patients by age, sex, cohort, and smoking status. Centralized biochemical analyses were performed to measure circulating concentrations of vitamin B6, folate, and methionine, as well as cotinine as an indicator of recent tobacco exposure. The association between these biomarkers and lung cancer risk was evaluated using conditional logistic regression models. Results: Participants with higher circulating concentrations of vitamin B6 and folate had a modestly decreased risk of lung cancer risk overall, the odds ratios when comparing the top and bottom fourths (OR 4vs1 ) being 0.88 (95% confidence interval [CI] ¼ 0.78 to 1.00) and 0.86 (95% CI ¼ 0.74 to 0.99), respectively. We found stronger associations among men (vitamin B6: OR 4vs1 ¼ 0.74, 95% CI ¼ 0.62 to 0.89; folate: OR 4vs1 ¼ 0.75, 95% CI ¼ 0.61 to 0.93) and ever smokers (vitamin B6: OR 4vs1 ¼ 0.78, 95% CI ¼ 0.67 to 0.91; folate: OR 4vs1 ¼ 0.87, 95% CI ¼ 0.73 to 1.03). We further noted that the association of folate was restricted to Europe/Australia and Asia, whereas no clear association was observed for the United States. Circulating concentrations of methionine were not associated with lung cancer risk overall or in important subgroups. Conclusions: Although confounding by tobacco exposure or reverse causation cannot be ruled out, these study results are compatible with a small decrease in lung cancer risk in ever smokers who avoid low concentrations of circulating folate and vitamin B6.
The most important and effective means for lung cancer control is by reducing the number of people who smoke tobacco products. However, even among subjects who have quit smoking, the lifetime risk of lung cancer remains high (1) (2) (3) , and in some regions where antitobacco campaigns have been successful, such as the United States, more than 50% of lung cancer case patients now occur among former and never smokers. Given these considerations, exploring additional means of primary prevention of lung cancer is important for subgroups at high risk-in particular former smokers-who seek additional means to further reduce their risk.
One-carbon metabolism (OCM) encompasses a series of biochemical reactions involving B vitamins that are essential to ensure balanced DNA synthesis and methylation (4, 5) . Changes in specific OCM factors have been implicated in cancer development, as well as other noncommunicable diseases, including neural tube defect, cardiovascular diseases, inflammation, and dementia (4, (6) (7) (8) (9) . If imbalances in B vitamins such as folate (vitamin B9) and vitamin B6 are proved to be causally implicated in lung cancer etiology, they would provide an appealing target for chemoprevention as they are modifiable by changes in diet or supplementation (10, 11) .
Only two prospective studies have been published on lung cancer and circulating biomarkers of OCM, the EPIC study (12) and the Alpha-Tocopherol, Beta-Carotene, Prevention Cancer (ATBC) study of smoking men (13) , both of which reported that subjects in the upper categories of circulating vitamin B6 concentrations had approximately half the risk of lung cancer compared with those in the lower concentration categories. In particular, the EPIC nested case-control study of 899 case patients and 1770 control subjects reported that the inverse association of vitamin B6 with lung cancer risk was strong and consistent regardless of tobacco smoking history, and also reported strong inverse associations of methionine and folate with risk (12) .
In order to provide conclusive evidence on the importance of circulating B vitamins and lung cancer risk, we initiated the Lung Cancer Cohort Consortium (LC3) with a combined cohort population of greater than 2 000 000 participants from North America, Europe, Asia, and Australia to retrieve blood samples and conduct biochemical analysis on more than 5000 case-controls pairs.
Methods

Study Population
We invited all prospective cohort studies with cryopreserved baseline plasma and serum samples that in 2009 were members in the US National Cancer Institute (NCI) Cohort Consortium to participate in the study. Twenty cohorts fulfilled those criteria and agreed to participate, resulting in a combined cohort population of more than 2 000 000 participants from North America, Europe, Asia, and Australia. Written informed consent was provided by all study participants, and the research was approved by the relevant institutional review boards. Brief details on design of the cohorts and their follow-up procedures are provided in the Supplementary Methods (available online).
Selection of Case Patients and Control Subjects
Lung cancer case patients were defined on the basis of the International Classification of Diseases for Oncology, 3rd ed. (ICD-O-2), and included all invasive cancers coded as C34.0-C34-9 (14) . We selected a total of 5545 lung cancer case patients, and to optimize the statistical power in smoking stratified analyses, never and former smoking case patients were oversampled. For each case patients, one control subject was matched by cohort, sex, race (US cohorts only), date of blood collection (61 month, relaxed to 6 3 months for sets without available control subjects), and date of birth (61 year, relaxed to 6 3 years), as well as smoking status in five categories; never smokers, short-and long-term quitters among former smokers (<10 years, !10 years since quitting), and light and heavy smokers among current smokers (<15 years, !15 cigarettes per day). After various exclusions (see the Supplementary Methods, available online), 5364 lung cancer case-control pairs remained eligible for the risk analysis.
Biochemical Analyses
Concentrations of vitamin B6, methionine, and cotinine were determined by liquid chromatography/tandem mass spectrometry (LC-MS/MS) and gas chromatography/tandem mass spectrometry (GC-MS/MS) (15, 16) , and microbiological methods were used to determine concentrations of folate (Lactobacillus casei) (17) . Further details are provided in the Supplementary Methods (available online).
Statistical Analyses
Hierarchical linear models were used to describe the variation in average biomarker concentrations between the cohorts and the extent to which these could be explained by differences in baseline characteristics. Relative risks of lung cancer were estimated by calculating odds ratios (ORs) and 95% confidence intervals (CIs) using conditional logistic regression (conditioning on matched case-control sets) with the first quartile as the referent. Additional covariates were included to account for confounding by risk factors, including indicators of educational attainment (in six categories) and tobacco exposure (in addition to matching to smoking status by design: cotinine concentrations [quartiles defined in current smokers]). Including additional covariates of body mass index (BMI) and alcohol intake did not appreciably alter the results, and these were not included in the final models. As a sensitivity analysis, we fitted models that were additionally adjusted for smoking duration or pack-years of smoking among ever smokers. All risk analyses were conducted overall and stratified by smoking status and region (US, EU/AU, Asia).
As an indication of the overall statistical strength of association between each biomarker and risk, we calculated a P trend value by including the base-2 logarithm (log2) of the biomarker concentration as a continuous variable in a separate conditional logistic regression model. The same approach was used in stratified risk analyses according to other predefined demographic characteristics and risk factors. Odds ratio estimates per log2 unit (log 2 OR) may be interpreted as the relative risk associated with a doubling in the concentration of a circulating biomarker.
All statistical analyses were conducted using SAS 9.2 (Cary, NC) (18), R version 3.1.3 (19) , or Stan version 2.9.0 (20) . A P value of less than .05 was considered statistically significant, and all statistical tests were two-sided. Additional details on the statistical methods are provided in the Supplementary Methods (available online).
Results
Baseline Characteristics
Baseline characteristics of the study subjects separated by geographic areas are shown in Table 1 . The final study population included 5364 lung cancer case patients and 5364 individually matched control subjects. Median age at cohort enrolment was 60 years, and the median time between blood draw and lung cancer diagnosis was 6.3 years. Because we oversampled never and former smokers, approximately half of the study population were current smokers at recruitment (2519 case-control pairs, 47.0%), whereas the other half were either former (1518 case-control pairs, 28.3%) or never smokers (1327 case-control pairs, 24.7%). Overall, 45.8% of the participants were women, though the sex distribution varied by region; the US cohorts contributed more women, and the cohorts from Europe and Asia contributed more men. 
Variation in Circulating Biomarkers
There was substantial between-cohort variation in concentrations of all biomarkers (Table 1) , in particular for folate and vitamin B6 concentrations that were substantially higher in US cohorts than for EU/AU or Asian cohorts. This could only partly be explained by differences in age, sex, smoking status, or BMI ( Figure 1 ). For circulating vitamin B6 and methionine, the between-cohort variability was similar before and after covariate adjustment ( Figure 1 Table 4) . Among participants with available information on smoking duration and pack-years of smoking (90% of ever smokers), further adjustment by continuous number of years of smoking or packyears of smoking did not notably affect the estimates (Supplementary Table 2 and 3, available online). In risk analyses stratified by region (Tables 2-4) , the overall inverse associations of vitamin B6 and folate were mainly driven by Asian and EU/AU participants. The adjusted OR 4vs1 for vitamin B6 was 0.82 for the Asian cohorts (95% CI ¼ 0.65 to 1.02), 0.78 for the EU/AU cohorts (95% CI ¼ 0.62 to 1.00), and 0.95 for the US cohorts (95% CI ¼ 0.80 to 1.13). Similarly, for folate, the adjusted OR 4vs1 was 0.84 for the Asian cohorts (95% CI ¼ 0.68 to 1.03), 0.77 for the EU/AU cohorts (95% CI ¼ 0.60 to 0.99), and 0.95 for the US cohorts (95% CI ¼ 0.78 to 1.15).
Risk Analysis Stratified by Smoking Status and Sex
In analyses stratified by smoking status, we observed an inverse association between vitamin B6 and overall risk for former (OR 4vs1 ¼ 0.72, 95% CI ¼ 0.57 to 0.91) and current smokers (OR 4vs1 ¼ 0.79, 95% CI ¼ 0.65 to 0.95) ( Table 2 ). Folate was also inversely associated with risk for former (OR 4vs1 ¼ 0.66, 95% CI ¼ 0.51 to 0.85) but not for current smokers (OR 4vs1 ¼ 0.97, 95% CI ¼ 0.77 to 1.21) ( Table 3) . When analyzing ever smokers overall (ie, former and current smokers combined), we observed an inverse association for circulating vitamin B6 (OR 4vs1 ¼ 0.78, 95% CI ¼ 0.67 to 0.91) and folate (OR 4vs1 ¼ 0.87, 95% CI ¼ 0.73 to 1.03). Of note, while no clear association was seen between folate and risk for never smokers (OR 4vs1 ¼ 0.86, 95% CI ¼ 0.63 to 1.17), we observed a positive association between vitamin B6 and risk for never smokers, the OR 4vs1 being 1.51 (95% CI ¼ 1.14 to 2.01) ( Table 2) .
Further analyses stratified by sex showed that any inverse association between folate or vitamin B6 and lung cancer risk was restricted to ever smokers and men. First, the association of vitamin B6 in men overall (OR 4vs1 ¼ 0.74, 95% CI ¼ 0.62 to 0.89) was consistently observed in cohorts from each region (Table 2) , with similar observations for folate (men overall OR 4vs1 ¼ 0.75, 95% CI ¼ 0.61 to 0.93) (Table 3) . Conversely, no association was seen among women overall, nor for women separated by region (Tables 2-3) . No clear differences in odds ratio estimates were seen in risk analyses conducted on cohorts providing plasma compared with cohorts providing serum (P heterogeneity > .33, data not shown).
Stratified Risk Analysis by Demographic and Diagnostic Parameters
To assess potential of effect modification, we fitted models that included interaction terms between circulating folate or vitamin B6 and various covariates (Supplementary Figures 1, A Figure 3 , available online), nor did analysis stratified on multivitamin use (data not shown). The associations between biomarker concentrations and lung cancer risk for individual cohorts are presented in Supplementary Figure 4 , A-C (available online). We also estimated the potential risk increase associated with being clinically deficient in vitamin B6 and folate and observed a 23% increase in risk of lung cancer for those deficient in vitamin B6 (OR ¼ 1.23, 95% CI ¼ 1.09 to 1.38) that was more apparent for being diagnosed with squamous cell cancer (OR ¼ 1.54, 95% CI ¼ 1.18 to 2.02), and also those for developing lung cancer within the first three years following blood collection (OR ¼ 1. 
Discussion
Our aim was to evaluate the associations between lung cancer risk and circulating concentrations of folate, vitamin B6, and methionine within a consortium of 20 prospective cohorts from the Figure 1 . Estimated between-cohort variation in mean concentration of vitamin B6, folate, and methionine. Before (left) and after (right) adjustment for age, sex, smoking status, and body mass index. Histograms show the posterior distribution of the overall mean and standard deviation of the cohort-specific intercepts. The "caterpillar plots" show the estimated cohort-specific mean concentrations, along with 50% and 90% credible intervals (thick and thin bars, respectively). WHI ¼ the United States, Europe, Asia, and Australia. We found that individuals with low concentrations of vitamin B6 and folate have a small risk increase of lung cancer, particularly among men, current and former smokers, and participants living outside the United States.
To date, this is the largest cohort consortium initiative for which circulating biomarkers were assessed in relation to a single cancer outcome with coordinated biochemical analysis conducted in one centralized laboratory. The background to this study was the initial findings from the EPIC cohort involving 899 lung cancer case patients and 1770 controls subjects (12) . The EPIC study reported a strong inverse association between vitamin B6 and lung cancer regardless of smoking history, and additionally found similar inverse associations with risk for folate and methionine. The results of the EPIC study were noteworthy because they suggested a potentially important role of the one-carbon metabolism pathway in lung cancer etiology, in addition to tobacco exposure. Along with additional evidence from the ATBC cohort (13) , this motivated the organization of the Lung Cancer Cohort Consortium (LC3) in order to conclusively evaluate the extent to which these findings translate into other populations from Asia, the United States, Europe, and Australia.
The current study discerned relatively weak inverse associations between folate, vitamin B6, and lung cancer risk overall, associations that differed substantially between groups of different tobacco exposure history. For former and current smokers, we observed slightly lower risk among those study participants with higher concentrations of folate and vitamin B6 compared with those having lower concentrations. This inverse association for lung cancer risk with vitamin B6 or folate can also be interpreted as an increased risk among participants in the lowest category of concentrations compared with those in the remaining three higher categories (Tables 2 and 3 ). In contrast, methionine was inversely associated with risk in US men, whereas no associations were noted overall or in other important subgroups.
Previous studies have shown that being a current smoker is clearly associated with lower circulating concentrations of folate and vitamin B6 (12) , and our analysis confirms this relation (data not shown). This highlights the importance of carefully accounting for tobacco exposure in risk analyses of B vitamins and lung cancer. We used circulating cotinine, an objective and accurate measure of current tobacco exposure (21) , and the weak inverse associations of vitamin B6 and folate with lung cancer risk remained after adjusting for cotinine. Further accounting for smoking duration and intensity did not substantively alter the odds ratio estimates. In contrast to current smokers, former smokers tend to have similar circulating B vitamin concentrations as never smokers (12) . This suggests that the potential confounding effect of tobacco exposure on the associations between circulating vitamin B6/folate and lung cancer risk is of less concern for former smokers than for current smokers. Despite these considerations, and given the important impact of both past and current tobacco exposure on lung cancer risk, our results do not allow ruling out confounding by tobacco smoking as a possible explanation for the observed associations.
Another potential explanation for the observed association of vitamin B6 with risk is reverse causation. In analyses stratified on smoking status, we observed a gradually stronger inverse association between vitamin B6 and risk of lung cancer in both former and current smokers when measured in blood drawn closer to diagnosis (Supplementary Figure 1 , A, C, and D, available online), results that would be consistent with preclinical metabolic changes due to the underlying disease progression. In contrast, no such clear relation by time from blood draw to diagnosis was observed for folate.
In interpreting these results, we note that they are compatible with a small benefit in terms of lung cancer risk for smokers who avoid low circulating concentrations of vitamin B6 and folate. However, we cannot rule out the possibility that residual confounding by tobacco exposure and/or reverse causation due to disease progression underlie their associations with risk.
The most notable difference between our results and those from the previous EPIC study was for never smokers, where vitamin B6 was positively associated with risk among women in the current study, the opposite of what was observed in the previous EPIC study. The reason for this stark discrepancy is unclear and not explained by differences in study characteristics.
Strengths of this study included the large study sample of 5364 case-control pairs, the prospective study design and the use of prediagnostic plasma or serum, the centralized biochemical analysis with a robust quality control protocol, and the wide participation of cohorts from different geographical regions. We benefitted from oversampling never and former smokers, as well as matching by history of tobacco exposure, thus allowing for well-powered stratified analysis. However, this oversampling also meant that the individual cohorts provided different proportions of subjects by smoking status. For instance, the Women's Health Initiative only contributed neversmoking women, and the ATBC study only contributed currentsmoking men. Another particular feature of this study was that circulating vitamin B6 and folate varied substantially across cohorts and continents. Indeed, US participants had about 65% higher B6 and almost threefold the median folate concentrations of European and Asian study participants (see Table 1 ). A likely explanation of this is that up to 50% of US citizens age 50 years or older regularly consume dietary supplements such as multivitamin pills (22) and because of the folate fortification in the United States (23) . Differences in baseline characteristics only partially accounted for these differences, and this means that we could not efficiently compare participants at extremes of the distribution of folate concentrations because the control subjects were matched to case patients within the same cohort, and we were reluctant to break that matching.
This study highlights the importance of re-evaluating promising associations of putative risk factors indicated in initial studies across multiple study populations in a coordinated fashion. The LC3 clearly demonstrates that it is feasible to gather cohorts from around the world and provide robust information on disease risk association before resorting to intervention studies that are costly and risk harming the study participants. .08
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While our results were compatible with a modest decrease in lung cancer risk among former and current smokers who avoid low circulating concentrations of vitamin B6 and folate, we could not rule out the possibility that confounding due to tobacco or reverse causation may have given rise to spurious associations. Given that any potential beneficial effect of vitamin B6 or folate-if real-is likely to be small, our findings do not support the conduct of additional prevention studies with the view of using B vitamins for primary prevention of lung cancer.
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